Two simple, high-yield rapid methods with good reproducibility are described, which permit the determination of radioactivity in plasma D-( -)-3-hydroxybutyrate. The compound is converted to acetoacetate, using a modified enzymatic method. In procedure 1, acetoacetate is reacted with 2, 4-dinitrophenylhydrazine; the resulting hydrazone is oxidised by means of a sample oxidiser, and the product 14C0 2 is collected in scintillation liquid and counted. In procedure 2, a Conway microdiffusion unit is applied. The acetoacetate is decarboxylated to acetone in the presence of a-phenylenediamine, and the acetone is then diffused into semi carbazide solution. This solution, containing the semicarbazone derivative of labelled acetone, is transferred to liquid scintillation and counted. In both procedures the radioactivity is measured simultaneously in a separate sample which was not subjected to the enzymatic conversion ofD-( -)-3-hydroxybutyrate. The difference in radioactivity between the two samples is attributed to labelled D-( -)-3-hydroxybutyrate.
The compound D-( -)-3-hydroxybutyrate is produced mainly by the liver. However, large quantities are also produced from butyrate by the rumen epithelium (Pennington, 1952; Annison et al., 1963; Hird and Weidemann, 1964) . At physiological concentrations D-( -)-3-hydroxybutyrate has significant metabolic roles. Ruminant mammary gland (McCarthy and Smith, 1972) , rat brain (Cremer, 1971) , and various tissues in the rat fetus and suckling rat (Edmond, 1974; Seccombe et al., 1977) utilise this compound for milk fat production, amino acid synthesis, and lipogenesis, respectively. Rat brain (Hawkins et al., 1971 ) and the kidney, heart and muscle of sheep (Leng and Annison, 1964; Kaufman and Bergman, 1971 ) oxidise D-( -)-3-hydroxybutyrate. The contribution of this metabolite to the overall C02 output can reach a value of 20 % in underfed pregnant sheep (Leng, 1965) . Only severe pathological ketoses in lactating cows and diabetics are harmful conditions.
During preparations for studying the kinetics of D-( -)-3-hydroxybutyrate in sheep, it became apparent that the existing methods for measuring the radioactivity of this compound are not satisfactory. Previous procedures used are: precipitation as acetone mercuric sulphate complex (Shreeve and Tocci, 1961; Bergman et al., 1963; McGarry et aI., 1970) , silica gel column chromatography Palmquist et al., 1969) , and 2, 4dinitrophenylhydrazone formation of the acetone (Hird and Symons, 1959) . These methods have the limitation mainly of low recoveries or incomplete separation, and they are time-eonsuming.
The methods developed in the present studies permit a sensitive and rapid measurement of radioactivity in D-( -)-3-hydroxybutyrate of plasma. As an initial step both procedures utilise the enzymatic conversion of D-( -)-3-hydroxybutyrate to acetoacetate, as described by Williamson et at. (1962) , with the exception of omitting hydrazine, increasing the concentration of NAD+, and carrying out the reaction at pH 9·5. They differ in the subsequent reactions.
Materials and methods

REAGENTS 'Present address: School of Veterinary Medicine, Pahlavi
Chemicals used were of analytical grade. Acetoacetic University, Shiraz, Iran. acid (lithium salt), and o-phenylenediamine (di-155 hydrochloride) were obtained from Sigma Chemical Co, St. Louis, Mo 63178, USA. D-( -)-3-hydroxy (3_ 14 C) butyric acid (22 mCi/mmol) was purchased from the Radiochemical Centre, Amcrsham, Bucks, UK. Universal indicator solution, 2, 4-dinitrophenylhydrazine, hydrazine hydroxide, and semicarbazide hydrochloride were products of Merck, Darmstadt, Germany. NAD+, DL-3-hydroxybutyrate, and 3hydroxybutyrate dehydrogenase (EC 1.1.1.30; 5 mg/rnl) were obtained from Boehringer, Mannheim, Germany. The following solutions were made with distilled water: Tris buffer (0,1 M, pH 9,5, 2 mM EDTA); Tris-hydrazine buffer (77 mM Tris, 0·77 M hydrazine, 2mM EDTA, pH 8·5); KOH (20% w/v); NAD+ (0'06 M,pH,9'5); perchloric acid (5% w/w; 5'5 ml ofperchloric acid, 60/~w/v, 1'53 sp. gr. were made to 100 ml with distilled water); semicarbazide (1 M, pH 7·0); a-phenylenediamine (1'3 M in 50% citric acid solution; this solution was made freshly); 2, 4-dinitrophenylhydrazine (0-23 M); acetoacetate (0'9 M); and DL-3-hydroxybutyrate (5 rnv).
TREATMENT OF BLOOD
Blood samples were obtained from the jugular vein, transferred to heparinised test tubes containing 2011-1 NaF solution (0'6 M), and centrifuged at 1200 g for 10 minutes at SoC; the plasma was kept at -IS oC until analysed. To 1·5 111\ of plasma, 1·5 ml of chilled perchloric acid (5~.~w/w) were added, and the sample was kept in ice-water for 20 minutes and then centrifuged at 12000 g at 5°C for lO minutes. The supernatant was transferred to a test tube, and 20 11-1 of universal indicator solution were added. The sample was then brought to pH 9'0-9'5 with KOH (20 %); the indicator colour is changed from red to light violet. Subsequently this deproteinised alkaline sample was kept in ice water for 20 minutes.
ENZYMATIC OXIDATION OF D-( -)-3-HYDROXYBUTYRATE
The enzymatic assay is a modified procedure of Williamson et al, (1962) . The reaction mixture contained 100 11-mol Tris buffer (0,) M, pH 9'5), 1 ml of the deproteinised alkaline plasma, 30 11-mol NAD+, 0·5 fLmol DL-3-hydroxybutyrate (carrier), and 50 11-1 of D-( -)-3-hydroxybutyrate dehydrogenase (5 mgjml) in a total volume of 3·1 ml. The sample was incubated at room temperature for 60 minutes. A sample containing 0·05 11-ei D-( -)-3hydroxy (3 -14C) butyric acid, but without deproteinised alkaline plasma, was treated similarly and used as standard.
The enzymatic reaction in procedure I was carried B. Emmanuel, M. Stangassinger, and D. Giesecke out in a polystyrol test tube (20 x 120 mm). At the end of incubation time the reaction was terminated by adding 60 11-1 of 6 M-HCl. Subsequently, carrier acetoacetate (0,2 ml, 180 11-mol) and 1 ml of 2. 4dinitrophenylhydrazine solution (225 11-mol) were added. The sample was then kept at room temperature for 20 minutes followed by an additional 2 hours at Soc. The hydrazone formed was collected on a filter paper, using a Filter Funnel for radiochemical work (diameter 23 mm; Pabisch, Munich, Germany), and then washed three times with approximately 15 ml of KCl solution (1 MpH 2'8). The filter paper containing the hydrazone was dried at 4O"C and then oxidised (Sample Oxidizer, Model 306, Packard Instrument Co Inc, 8001 Ziirich, Switzerland). The resulting 14C02 was collected in a scintillation vial containing a mixture of Permafluor V (12 ml) and Carbo-Sorb (7 ml) (Packard products) and then counted in a Liquid Scintillation Spectrometer (Packard Tri-Carb, Model 3385) with a counting efficiency of 85 % for labelled carbon atom. A standard sample of Speck-Check -14C (Packard product) was oxidised and counted similarly.
The enzymatic reaction in procedure 2 was carried out in the outer chamber of a Conway microdiffusion unit. The inner chamber contained 3 ml of the semicarbazide solution (I M, pH 7,0). Silicone oil was used as a fixative for the cover of the Conway unit. Upon completion of the reaction, 0·2 ml of 0phenylenediamine solution (260 11-mol) were added to the outer chamber (final pH 2). This compound accelerates greatly the spontaneous decarboxylation of acetoacetate (Edson, 1935) . The Conway unit was then kept at 3S oC for an additional 6 hours for the diffusion of acetone (decarboxylation product of acetoacetate) into the semicarbazide solution. The semicarbazide solution containing the semicarbazone derivative of labelled acetone was then transferred into two scintillation vials, each containing 15 rnl of Unisolve 1 solution (Koch-Light Laboratories, Coin brook, Bucks) and counted as described above.
Results and discussion
The enzyme D-( -)-3-hydroxybutyrate dehydrogenase (EC 1.1.1.30) which catalyses the reversible reaction of D-( -)-3-hydroxybutyrate + NAD+ ;-~acetoacetate + NADH + H+ has an equilibrium constant of 1-42 x 10-9 at 25°C (Krebs et al., 1962) . Williamson et al. (1962) , in measuring
The values in parentheses are ± standard errors, n = 5.
Table I Effect ofhydrazine removal on oxidation of
The enzymatic oxidation of D-( -)-3-hydroxybutyrate wascarried out as described by Williamson et al. (1962) . To a spectrophotometer cell of 1 em light-path were added: 77 umol Tris, pH 8'5, 2 umol EDTA, 0·25 urnol DL-3-hydroxybutyrate, 1·5 urnol NAD+, quantities of hydrazine as indicated, and 10 ILl of D-(-)-3-hydroxybutyrate dehydrogenase in a total volumeof 3·1 ml, The reaction was incubated at room temperature for 60 minutes. The extinction was measuredat 340 nm using a Beckman Spectrophotometer, Model24.
Hydraiine concentration (ILmol) was elevated from 71 to 90% by increasing the NAD+ concentration from 1·5 ,umol to the optimal level of 30 ,umol (Table 2) . At pH 9'5, using 30 ,umol NAD" the oxidation was further enhanced, reaching a value of 98 % (Table 2) , which is close to the value obtained when hydrazine was present (Table I) . The effect of pH on the oxidation of D-( -)-3hydroxybutyrate is illustrated in Fig. I ; the oxidation was optimal at pH 9·5. 
The procedure used was the same as described in the Material and methods section, with the exception of varying the concentrations of acetoacetate and 2, 4-dinitrophenylhydrazine as indicated. Fig. 1 Effect ofpH 01/ oxidation of D-( -)-3-hydroxybutyrate. The assay conditions were the same as described in Table I with the exception ofincreasing the concentrations of N A D' and Tris to 30 and 500 umol, respectively, and omitting hydrazine, The buffer solutions were brought to the respective pH values by adding KOH(2(J~;'; wlv';or 6 M-HCI. Euch value is the mean offive observations. D-( -)-3-hydroxybutyrate used hydrazine (ketone trapping agent) to drive the reaction from left to right. The dependence of D-( -)-3-hydroxybutyrate oxidation on hydrazine is shown in Table I. In the presence of 750 ,umol hydrazine, the oxidation of D-( -)-3-hydroxybutyrate was almost complete, considering the value of 6·22 cm 2/,umol NADH at 340 nm (Krebs et al., 1962) . In the complete removal of hydrazine, the oxidation was decreased by an order of about 26 %. The hydrazine derivative of acetoacetate interferes with the determination of labelled D-( -)-3-hydroxybutyrate in both methods described here. Therefore, the possibility of accelerating the oxidation reaction, using a higher concentration of NAD+ at higher reaction pH in the absence of hydrazine, was considered. At pH 8,5, the degree of D-( -)-3-hydroxybutyrate oxidation (!,mof) pHH'5 pH9'5 2,4-dinitrophenylhydruzine concentration (,,,nol) 45·8 86·6 96·9 98'5 64·53 (0'33) (0-47) (0'50) (0'34) (0'39) (0'71) butyrate using procedure 1 are shown in Table 3 . Maximum recovery was obtained at concentrations of 180 and 225 JLmol of acetoacetate and 2, 4dinitrophenylhydrazine, respectively.
Flg.2 Dependence ofsemicarbazide formation on acetone concentration. The tube contained 20 umol semicarbazide and quantities ofacetone as indicated in a total volume of4 mi. Each value is the mean oflive observations (variation coefficient = 0'0322).
The dependence of semicarbazone formation on acetone concentration (procedure 2) is illustrated in Figure 2 . The dependence of D-( -)-3-hydroxy Table 6 Effect ofunlabelled D-( -)-3-hydroxyhutyrate on the recovery ofD-( -)-3-hydroxy(3 -14C)butyrate (procedure 2)
Procedures used are described in the Materials and methods section, with the exception of varying the concentrations ofD-( -)-3-hydroxybutyrate.
The values in parentheses are ± standard errors, n = 3 -4.
The values in parentheses are ± standard errors. n = 3.
Semicarbazide D-( -)-3-hydroxy(3-UC)butyrute recovered (%) concentration (~ol) Table 5 Time course of D-( -)-3-hydroxy(3 -"C) butyrate recovery after the addition ofo-phenylenediamme (procedure 2)
The procedure used was the same as that described in the Materials and methods section, with the exception of varying the diffusion time. The procedure used was the same as described in the Materials and methods section, with the exception of varying the concentrations of semicarbazide as indicated. The diffusion time after the addition of o-phenylenediamine was 4 hours. The effect of unlabelled D-( -)-3-hydroxybutyrate on the recovery of labelled D-( -)-3-hydroxybutyrate is shown in Table 6 . By increasing the concentration 20 times, the recovery in both procedures was affected only slightly (about 3 %). Physiological concentrations of plasma D-( -)-3-hydroxybutyrate in many species, including the rat (Tobin et al., 1972) , sheep (Emmanuel and Nahapetian, 1975) , and chicken (Emmanuel, 1976) , are in the range 0,1-0,5 JLmol/ml (or 0·05-0·25 JLmol/ml in the reaction mixture used in the enzymatic assay in the present studies). Thus, the concentrations are close to the lower limit (Table 1) . During ketosis, the concentration may rise by a magnitude of lO-fold (Baird et al., 1972) , which is still within the range used in Table 6 . In both procedures, in the absence of enzyme, only negligible « 2 %) quantities of the radioactive D-( -)-3-hydroxybutyrate were recovered. We have studied the kinetics of D-( -)-3-hydroxybutyrate in sheep by means of a primed, constantinfusion, isotope-dilution method (Steele et al., 1956) , carrying out eight experiments and analysing more than 100 samples. The radioactivity (procedure I, present studies) and concentrations (Williamson et al., ]962) of plasma D-( -)-3-hydroxybutyrate were measured, and from these values the specific activities were calculated. The results were very satisfactory; the specific activities of D-( -)-3hydroxybutyrate reached a plateau between 3 and 5 hours after the start of the infusion. In procedure I, the sample oxidiser is relatively expensive; where this apparatus is not available, procedure 2 can easily be applied.
Plasma acetoacetate can also be measured by both procedures outlined here, utilising the enzymic conversion of acetoacetate to D-( -)-3-hydroxybutyrate (Williamson et al., 1962) . The sample contains radioactive acetoacetate and other keto acids in the absence of enzyme, but contains no labelled acetoacetate in the presence of enzyme. Therefore, the difference in radioactivity between the two samples is due to radioactive acetoacetate. The methods can further be extended to measure the radioactivity in other pairs of ketohydroxy acids, or ketoamino acids including pyruvate-lactate, oxaloacetate-malate, 2-ketoglutarate-glutamate, pyruvatealanine by using the appropriate enzyme assays. D-( -)-3-hydroxybutyrate labelled in positions 2, 3, and 4 can be measured by both procedures as outlined. Radioactive D-( -)-3-hydroxybutyrate labelled in the carboxyl group can be measured by the hydrazone procedure as described; however, in procedure 2, the product of decarboxylation 14C02 should be trapped in an alkaline solution instead of a semicarbazide solution.
In conclusion, the procedures described here for the determination of radioactivity in plasma D-( -)-3-hydroxybutyrate are satisfactory. They are simple, sensitive, rapid, and reproducible.
H.E. was a Fellow of Alexander von Humboldt-Stiftung during ]977-78. This investigation was supported by a grant from die Deutsche Forschungsgemeinschaft.
